Proliferation and survival of myeloid cells depends on growth factors, such as interleukin-3 (IL-3). Loss of cytokinesignalling results in cessation of proliferation and cell death. Evading dependence on cytokine signals constitutes one step to malignancy. 1 Apoptosis following cytokine deprivation is regulated by the Bcl-2 family of proteins. Overexpression of anti-apoptotic Bcl-2 family members, such as Bcl-2 or Bcl-x L 2,3 or the combined loss of the pro-apoptotic Bcl-2 family members Bax and Bak renders cells resistant to many apoptotic stimuli, including cytokine deprivation or overexpression of BH3-only proteins. [4] [5] [6] [7] BH3-only proteins, a pro-apoptotic subgroup of the Bcl-2 family characterised by the presence of a single Bcl-2 Homology 3 (BH3) domain, are essential for initiation of apoptosis in conditions of cell stress or cytokine withdrawal. 8 Analysis of knockout mice lacking one or more BH3-only proteins demonstrated death stimulus-specific and cell typespecific roles for these proteins. For example, lymphocytes from Bim À/À mice are resistant to cytokine deprivation and ionomycin 9 whereas Bid, a BH3-only protein activated by caspases, 10, 11 is required for Fas-mediated cell death in hepatocytes, but not in T lymphocytes. 12, 13 Puma is a p53 inducible BH3-only protein. [14] [15] [16] Analysis of Puma À/À mice demonstrated diminished apoptosis in response to p53-dependent stimuli, such as g-irradiation and p53-independent death stimuli, such as cytokine deprivation, treatment with glucocorticoids or phorbol ester. [17] [18] [19] Deletion of Puma protects primary and transformed myeloid progenitors from IL-3-withdrawal induced apoptosis. 4, 18 Apoptosis induced by BH3-only proteins requires the neutralisation of anti-apoptotic Bcl-2 family members, including Bcl-2, Bcl-x L , Bcl-w, A1 and Mcl-1 and the activation of the pro-apoptotic, multi-domain Bcl-2 family members, Bax and Bak. The BH3-only proteins bind and repress the function of anti-apoptotic Bcl-2 family members with varying affinity. For example, Puma and Bim bind all Bcl-2-like pro-survival proteins whereas Bad binds Bcl-2, Bcl-x L and Bcl-w. Noxa binds Mcl-1 and A1. 20, 21 BH3-only protein binding to Bax and Bak is restricted primarily to Bid and Bim (particularly Bim S ), and this binding activates Bax and Bak. 22, 23 It is not clear whether Puma functions by repressing anti-apoptotic Bcl-2 family members, by directly activating Bax or by doing both. It is also unclear whether Puma requires the Bax-activating activity of Bid or Bim.
We have examined how Puma induces apoptosis by expressing Puma under an inducible promoter in IL-3-dependent HoxB8-immortalised myeloid progenitor cells (referred to as FDM cells for factor-dependent myeloid cells) and in murine embryonic fibroblasts (MEFs) derived from mice lacking the BH3-only proteins Bid and Bim, and cells lacking Bax, Bak 
Results
Enforced Puma expression induces apoptosis in Bid À/À ;Bim À/À FDM cells. To investigate the mechanisms by which Puma kills cells, we cloned N terminally Flagtagged murine Puma (iF-Puma), or a control protein (inducible enhanced green fluorescent protein, ieGFP), into a lentiviral expression vector in which gene expression can be controlled by addition of 4-Hydroxytamoxifen (4-OHT). We infected this lentivirus into multiple independent FDM lines derived from gene-deleted mice. 24 We confirmed the inducible Puma expression by western blotting and immunoprecipitation ( Figure 1a ). The viability of wt, (Figure 1b and c) . In contrast, Bax À/À ;Bak À/À cells were completely resistant to iF-Puma expression. Induced expression of ieGFP was equally well tolerated by all cell lines tested. These data indicate that neither Bid nor Bim are required for overexpressed Puma to cause apoptosis. In contrast to previous reports, 25 the presence of either Bax or Bak was sufficient for Puma to induce apoptosis in these cells, indicating that Puma overexpression induced apoptosis does not absolutely require Bax.
Puma overexpression results in loss of mitochondrial membrane potential and cytochrome c release. Apoptosis triggered by BH3-only proteins results in loss of mitochondrial membrane potential and release of cytochrome c from the mitochondrial inter-membrane space into the cytosol. To determine whether these events occurred in our system of Puma expression, we induced the expression of Puma in FDM lines and stained cells with carbocyanine dye DiOC 6 (3) fluorochrome, which fluoresces in cells that retain mitochondrial membrane potential. 26 Six hours after induction of Puma expression, there was substantial reduction in mitochondrial membrane potential in wt, Bax À/À , Bid Combined loss of Bid and Bim does not enhance clonogenic survival in myeloid progenitors after IL-3 deprivation. Puma is critical for IL-3 withdrawal-induced apoptosis of FDM cells, primary myeloid progenitors and mast cells. 4, 18, 27 We used this model to further explore the role of Bim and Bid in Puma-mediated apoptosis. We generated multiple FDM lines from mice lacking Bid, Bim or both Bid and Bim. Bim À/À or Bid À/À cells were as susceptible to IL-3 withdrawal as those from wt mice (Figure 3a) , as reported earlier. 4 Bid
;Bim À/À cells died after IL-3 deprivation (Figure 3a) (Figure 3b ). These data demonstrate that most Bid À/À ;Bim À/À FDM cells readily undergo apoptosis after IL-3 withdrawal and cannot form colonies when IL-3 is restored. Thus, in the context of physiological Puma expression following IL-3 deprivation, Bim and Bid are not required for apoptosis or clonogenic survival of FDM cells.
Puma causes Bax activation but does not require Bax for subcellular localisation and pro-apoptotic activity. Puma localisation to mitochondria is dependent on both its BH3 domain and certain C-terminal hydrophobic residues. 30 To determine whether Puma localisation required Bax or Bak, eGFP-tagged Puma (ieGFP-Puma) cloned into the inducible lentiviral system was infected into wt, Bid À/À ;Bim À/À , Bax À/À ;Bak À/À and Apaf-1 À/À MEFs, which were co-stained with a mitochondrial dye (MitoFluor Red) ( Figure 4a ). ieGFP-Puma was fully functional as it rapidly induced apoptosis in wt and Bid Puma binds endogenous Bcl-x L and Mcl-1 but does not co-immunoprecipitate Bax or Bak. It has been previously reported that Puma can bind and activate Bax. 31 Whilst we ;Bim À/À cells. Loading variation also most likely accounts for variations in the levels of the mitochondrial channel protein VDAC. The mitochondrial channel protein VDAC was only detected in the membrane fractions, demonstrating the purity of the fractionation detectable in uninduced cells, but we could not detect an interaction between Puma and Bak or Bax (Figure 5a ). We obtained similar results when iF-Puma was immunoprecipitated from FDM cells (Supplementary Figure S4) . To control for specificity of these interactions in MEFs, we also expressed a loss-of-function iF-Puma 4E mutant (a mutated BH3 region based of published loss-of-function mutations in Bim 20 ) (Figure 5b ). The Puma 4E mutant, which ran at a higher molecular weight than wt Puma, did not coimmunoprecipitate Bcl-x L or Mcl-1. These data demonstrate that Puma interacted primarily with anti-apoptotic Bcl-2 family members. Together with results in Figure 4 Figure S6) . We could not detect any association between Bcl-x L and p53 in either cell types. In MEFs (Supplementary Figure S6A) this may be accounted for by SV40 inactivation p53 and because the association between Bcl-x L and p53 occurred in the context of death stimuli other than Puma overexpression. [32] [33] [34] In FDM cells, p53 was below the limits of detection in the absence or presence of Puma (Supplementary Figure S6B) and detectable only after treatment with DNA-damaging agents (data not shown). These results, together with those in Figure 5 , demonstrate that Bax and Bak dissociate from Bcl-x L when Puma binds to Bcl-x L , but do not support a direct interaction between Puma and either Bax or Bak. Moreover, enforced Puma expression did not result in an observable interaction between Bax and Bid.
Discussion
Apoptosis occurring by the intrinsic pathway is regulated by the Bcl-2 family of apoptosis regulators and requires either Bax or Bak. Cells lacking both these proteins are profoundly resistant to a broad range of apoptotic stimuli, including growth factor deprivation and treatment with cytotoxic drugs. 35 Anti-apoptotic Bcl-2 family members, such as Bcl-x L and Mcl-1, inhibit the pro-apoptotic activity of Bax and Bak in healthy cells, and one mechanism by which the pro-apoptotic BH3-only proteins (such as Puma or Bim) promote activation of Bax and Bak is by direct binding and sequestering the pro-survival Bcl-2-like proteins. Consequently, loss of certain BH3-only proteins or overexpression of Bcl-2-like proteins protects cells against a broad range of apoptotic stimuli. [2] [3] [4] 7, 36 Although Puma is a p53-inducible BH3-only protein, 14, 16 the biological roles of Puma are not restricted to p53-dependent cell death stimuli. 17, 18 For example, Puma is critical for glucocorticoid and phorbol ester-induced apoptosis in thymocytes, which occur normally in p53 À/À cells. 17 Puma binds all anti-apoptotic Bcl-2 family members with high affinity. 21, 29 However, the question as to whether Puma also directly binds and activates Bax is a matter of conjecture. 31, 25, 29 Enforced Puma expression induces apoptosis in several cell types. [14] [15] [16] 25 In human glioblastoma multiforme (GBM) Differences between wt and Puma À/À cells had P-value of 0.005 at day 3 using Student's t-test cell lines transfected with Bax antisense oligonucleotides, human colon carcinoma cells (HCT116) in which Bax was deleted by homologous recombination and cell free systems, Puma-induced apoptosis is Bax-dependent and characterised by a direct interaction between Puma and Bax. 31, 25 Our data provide several compelling lines of evidence that Puma can also cause apoptosis independently of Bax. First, FDM cells lacking either Bax or Bak still underwent apoptosis after Puma expression, whereas cells lacking both these proteins were completely resistant (Figure 1a) . Second, although Bax was activated in Puma-induced cell death in transformed MEFs (Figure 4b ), Bax activation was not essential provided Bak was present. Third, Bax activation induced by Puma overexpression occurred in the absence of a detectable interaction between Puma and Bax ( Figures 5  and 6 ). These data do not absolutely exclude a potential interaction between Puma and Bax (or Bak) as such an interaction may be below the limits of detection or disrupted during the process of immunoprecipitation. We could, however, readily co-immunoprecipitate Puma or Bax with other known interacting proteins, such as Bcl-x L , demonstrating the efficiency of our immunoprecipitation. The co-localisation of Figure 4 Puma localises to the mitochondria independently of Bax or Bak and results in the activation of Bax. (a) MEFs of the indicated genotypes were infected with a lentivirus encoding an expression cassette for an inducible eGFP-tagged Puma (ieGFP-Puma). Cells were induced to express ieGFP-Puma by the addition of 4-OHT for 4 h. Cells were counter-stained with the mitochondrial dye MitoFluor Red and the nucleic acid dye Hoechst. Live cells were imaged by confocal microscopy. (b) Cells of the indicated genotypes, which were induced to express ieGFP-Puma for 4 h, were fixed and stained with an antibody specific to the active conformation of Bax (6A7). Cells were counter-stained with the nucleic acid dye DAPI and imaged by confocal microscopy Puma with activated Bax by confocal microscopy did not constitute 'prima facie' evidence of an interaction between these two proteins because Puma localisation was unaffected by the deletion of Bax (Figure 4a) . Therefore, what can be stated with certainty is that in our systems, enforced Puma expression is associated with Bax activation, but that Puma has no requirement for Bax to properly localise or induce apoptosis. We therefore conclude that there is no requirement for Puma to directly bind to Bax to cause apoptosis in our systems. A comparison of the binding affinities of Puma for the different anti-apoptotic Bcl-2 family members (IC 50s in the low nanomolar range) with the affinity of Bax for Puma (IC 50 of greater than 10 mM
29
) further argues that under most physiological conditions Puma does not interact directly with Bax or Bak.
How is Bax activated by Puma overexpression if not directly by Puma itself? The BH3-only proteins Bim and Bid may be required for Puma to induce apoptosis as these proteins are critical activators of Bax/Bak in some systems. 21, 22 Bid and Bim are bound and inhibited by anti-apoptotic Bcl-2 family members in healthy cells until released when 'sensitiser' BH3-only proteins, such as Puma, bind to the anti-apoptotic Bcl-2 family members. 22 Our data suggest that, in our cells at least, this is not the case. Overexpressed Puma readily triggered apoptosis in cells lacking both Bid and Bim. Enforced expression of Puma did not result in detectable amounts of Bid binding to Bax, and Bax assumed an active conformation in response to enforced Puma expression in the absence of Bim and Bid. Although we cannot exclude the possibility that Bax and Bak are activated by another protein following Puma expression, or that some Bax is already in an active conformation so when released from Bcl-x L is sufficient to amplify the apoptotic process, our data demonstrate that direct activation of Bax by Bim or Bid is not required for Puma overexpression to cause apoptosis. Puma expression is important for apoptosis induced by IL-3 deprivation in FDM cells. 4 We found that FDM cells lacking both Bid and Bim remained normally susceptible to apoptosis following IL-3 deprivation (Figure 3 ). Bim expression in FDM cells is below the limits of detection under normal culture conditions but readily detectable following treatment with the histone deacetylase inhibitor, SAHA 37 (Supplementary Figure S5) . This indicates FDM cells have the potential to express Bim, but this does not occur to detectable levels following IL-3 deprivation. The genetic deletion of Bim removes the potential for even undetectable levels of Bim expression, so demonstrating that Bim is not required for IL-3 withdrawal-induced apoptosis in FDM cells.
Thus, we conclude that the interaction between Puma and anti-apoptotic Bcl-2 family members, such as Mcl-1 and Bcl-x L , is sufficient for apoptosis to proceed in our cell lines and models of Puma expression. Our data demonstrate that in these models, Puma binds to endogenous anti-apoptotic proteins Bcl-x L and Mcl-1, and that interaction between Bcl-x L and Bax is diminished when Puma is overexpressed. Furthermore, we observed no requirement for the BH3-only proteins Bid and Bim, for Puma to induce apoptosis and we observed no direct interaction between Puma and Bax or Bak by co-immunoprecipitation. Together, these data support a model of Puma function in which inhibition of anti-apoptotic Bcl-2 family members is sufficient for Bax and Bak to undergo the conformational changes leading to their activation and apoptosis. Although these data do not permit us to conclude that this model of Puma function is true in all instances, our data do support other published data proposing this as a more general model of BH3-only protein function. 29 It is important to note however, that even though Puma overexpression can kill Bid À/À ;Bim À/À cells, this does not exclude the possibility that other proteins function to directly activate Bax when Puma is overexpressed. The tumour suppressor p53 is reported to this function when in the cytosol. [32] [33] [34] Our failure detect an association between Bcl-x L and p53 in SV40 transformed MEFs (Supplementary Figure S6A ) may be as a result of p53 inactivation by SV40 large T antigen and in FDM cells, p53 was undetectable in the presence or absence of Puma expression (Supplementary Figure S6B) and only detectable after DNA damage (data not shown). The association between Bcl-x L and Puma was observed in E1A/H-ras transformed MEFs subjected to UV irradiation and may not occur in the context of enforced Puma expression. We have shown earlier that overexpression of Puma in p53 À/À FDM cells or transformed MEFs is as lethal as in wt cells, 38 implying that p53 is not essential in this context.
Although our results indicate that neither Bid nor Bim are required in FDM lines for IL-3 withdrawal-induced apoptosis, it is clear the contribution of BH3-only proteins to apoptosis provoked by growth factor deprivation varies from one cell type to another. For example, deletion of Bim potently protects lymphoid cells, 9 granulocytes 39 and mast cells, 40 from cytokine deprivation. Puma is more critical for cytokine deprivation-induced apoptosis of untransformed bone marrow-derived progenitors and FDM cells. 18, 24 That FDM cells lacking Bim are not protected from IL-3 deprivation indicates Bim is redundant for this apoptotic stimulus in these cells, but clearly does not exclude a role for Bim in growth-factor deprivation in other cell types. Cytokine withdrawal-induced apoptosis in several cell types from Bim À/À ; Puma À/À double knockout mice showed that Bim and Puma have overlapping functions. 41 Although it is possible that BH3-only proteins have different mechanisms of action dependent on cell type or the observed mechanisms of action may vary with the experimental model, our results show that direct activation of Bax or Bak by Bim, Bid or Puma is not required for apoptosis induced by enforced expression of Puma, and that deletion of Bid and Bim does not prevent cells from undergoing apoptosis when growth factor is removed. Instead, inactivation of Mcl-1 and Bcl-x L (and other anti-apoptotic Bcl-2 family members) by Puma is sufficient for Bax and Bak to activate and initiate apoptosis.
Materials and Methods
Generation of IL-3-dependent cell lines. Factor-dependent myeloid (FDM) cells were generated from E14 mice by co-culturing single cell suspensions from fetal liver with fibroblasts producing a HoxB8 expressing retrovirus in the presence of 0.25 ng/ml IL-3. Puma
and Bid
À/À
;Bim À/À mice have been described earlier. 4, 9, 13, 17, 24, 29, 42 All mice were derived from C57BL/6 embryonic stem (ES) cells or from 129SV-derived ES cells and resulting mice back-crossed onto a C57BL/6 background for at least 10 generations. Cell lines were tested for IL-3 dependence by determining their ability to proliferate in the absence of IL-3 in soft agar. No cell lines were able to generate colonies under such conditions. All cells were cultured in DMEM (low glucose; Gibco) with 10% fetal calf serum (FCS; JRH Laboratories) supplemented with 0.25 ng/ml IL-3 (R&D systems). Murine embryonic fibroblasts (MEFs) were generated as described earlier. 13, 20 Cell viability assays. IL-3 was removed by washing cells three times in PBS and then culturing them in DMEM with 10% FCS without IL-3. Cell viability was determined by staining cells with FITC-coupled Annexin V (Invitrogen) in a balanced salt solution including 5 mM CaCl 2 plus propidium iodide (PI; 1 mg/ml; Sigma Aldrich) followed by flow cytometric analysis (LSR II; Becton Dickinson).
Clonogenic survival assays. Clonogenic survival assays were performed as described earlier. 4, 24 Briefly, 1 Â 10 4 cells per ml were cultured in DMEM, 10% FCS with or without IL-3. At various time points, predetermined numbers of cells were plated in 6-well plates in DMEM, 20% FCS, 0.5 ng/ml IL-3 and 0.3% soft agar. After 21 days the numbers of colonies were counted and expressed as a percentage relative to the number of colonies generated per 1000 cells that had never been deprived of IL-3. At least three independent clones of each genotype were used in each experiment.
Cloning and lentiviral expression. The coding sequence of mouse Puma was either amino terminally tagged with Flag or Enhanced Green Fluorescent Protein (eGFP) and cloned into pF5x UAS SV40 puromycin lentivirus system. 38, 43 Cells were infected with GEV16 lentivirus and the pF5x UAS SV40 containing the gene of interest. Cells resistant to both hygromycin and puromycin were selected and tested for gene expression. Expression of Puma or eGFP was induced by treatment with 1 mM 4-Hydroxytamoxifen (4-OHT). For a more detailed description of the lentiviral system and cloning details, see Supplementary Information.
Immunoprecipitation and immunoblotting. Cells were either lysed in Onyx buffer (20 mM Tris-HCl pH 7.4, 135 mM NaCl, 1.5 mM MgCl 2 , 1 mM EDTA, 10% Glycerol, 1% Triton X-100) or fractionated into the membrane and cytosolic compartments using digitonin (see Supplementary Information). Flag-tagged Puma was immunoprecipitated (IP) using anti-Flag mAb (M2)-coupled agarose affinity gel (Sigma Aldrich) and eluted using Flag peptide (Sigma Aldrich) according to the manufacturer's instructions. Bax IP was performed using antibody-coupled protein G sepharose beads and eluted with 0.1 M glycine pH 3 for 15 min. After removal of beads, eluates were neutralised in 0.05 M Tris-HCl pH 7.4, 0.15 M NaCl. All lysates and IP material were boiled in protein sample buffer for 5 min and resolved on either gradient (4-20%) or 12% SDS-PAGE (BioRad). The following antibodies were used for western blotting: rat monoclonal anti-Bax (gift of D Huang, The Walter and Eliza Hall Institute of Medical Research, unpublished), mouse monoclonal anti-Bax (Sigma Aldrich), rabbit polyclonal anti-Bak (Sigma Aldrich), rabbit polyclonal antiBak NT (UBI), rabbit polyclonal anti-Bcl-x (R&D Systems), rat monoclonal antiBid, 13 Mitochondrial membrane potential. Loss of mitochondrial membrane potential was analysed as described earlier. 4 Briefly, a stock solution of 10 mM 3, 3 0 -dihexyloxacarbocyanine iodide (DiOC 6 (3); Molecular Probes) was diluted to 0.4 mM in DMEM plus 10% FCS. Cells were washed once in PBS and then resuspended in diluted DiOC 6 (3) for 30 min at 37 1C. Cells were then washed and resuspended in medium and analysed by flow cytometry in the FL-1 channel.
Immunofluorescence staining and confocal microscopy. To detect activated Bax, cells were fixed in 1% paraformaldehyde for 5 min at room temperature. Cells were then washed in PBS/2% FCS and probed with 5 mg/ml anti-Bax mAb (6A7; Becton Dickinson) in PBS/2% FCS and 0.3% saponin overnight at 4 1C. Cells were then washed and incubated with goat anti-mouse IgG antibody coupled to PE (1/200; Chemicon). Cells were mounted onto cover slips using ProLong Gold anti-fade with DAPI (Invitrogen) and imaged using a Leica TCS SP 2 SE laser scanning confocal microscope using a 63 Â 1.2 water immersion objective. Live cells imaging was performed after cells were grown in chamber slides. Cells were counter-stained with MitoTracker Red 580 (Invitrogen) and Hoechst 33342 (Calbiochem). Cells were imaged at 37 1C, 5% CO 2 using a Leica TCS SP 2 SE laser scanning confocal microscope using a 63 Â 1.3 glycerol immersion objective. All images were analysed using Leica software.
